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Äug^�=�., ïÄ
R�nL¡u�-1ì (VCSEL) 315\Ú1>�"�Ó�^e�ÄåÆA5.
ïÄ(JL²: ��É�Ì VCSEL 15\�B VCSEL, 3Ó��31>��"�, ÙÑÑ�ü�� ��ª (X
Ú Y  ��) �¥y±Ï!�±Ï!õ±Ï!·b�´L�ÄåÆG�, �ü ��ÄåÆ��üz´»�3
�É. �ÄåÆG�3d�"rÝ f �5\rÝ η ¤�¤�ëê�m�©Ù«��XÌ!B VCSEL �ªÇ�
� ∆ν(∆ν = νm − νs, νm, νs ©O�Ì!B VCSEL gd$1����ªÇ) �Cz
u)UC. � ∆ν �����,
¥y·b�«��'"��ÚK���k²w�*Ð, =B VCSEL U3���ëê��S¢y·bÑÑ. éuA
½�ªÇ��, ©Û
1>��"rÝ f Ú15\rÝ η é·bÑÑ�°�K�. ÏLÜnÀJ�"rÝ±95\
rÝ, �¦B VCSEL ·bÑÑ�°wÍO\.

'�c: R�nL¡u�-1ì, 1>��", 15\, ·b�°

PACS: 42.55.Px, 42.65.Sf

1 Ú ó

��N-1ì315\ [1−3]!1�" [4−6] Ú
1>�" [7−9] �	Ü6Äe, ÙÑÑäk´L�
��5ÄåÆG�, ¿�²{ØÓ�´»��·
bÑÑ. duù
��5ÄåÆG�3·b��Ï
&!-1X�±9�Å1fÆ�+�¥äk2�
�A^d� [10−12], Ïd<�é	Ü6Äe���
N-1ì�ÄåÆA5?1
�þïÄ. @Ï�ï
ÄX­u��N-1ì3ü�	Ü6Äe���
5ÄåÆA5, ��XïÄ��\, <�uy, �ü
�6ÄXÚ�', �¹õ�6ÄXÚØ=äk�Ð
��N�Uå, Ó��±¢yü�6Ä�Ã{¢y
��
AÏA^I¦. Ïd, �CAcT+��ï
Ä­%Åì=£���N-1ì3ü�½öü�
±þ6Ä�^e�ÄåÆA5 [13−19]. ©z [13] ï
Ä
��N-1ì31>K�"±915\�Ó

�^e���5ÄåÆA5, �²
XÚÏ ·b
�ü^´», ¿©Û
15\�Ú\é·b&Ò�
°�K�.©z [14] ïÄ
��Z1�"��N-
1ì3?�ÚÉ�15\�^�, XÚÑÑG��
ü^ØÓüz´». ©z [15] ¢�ïÄ
��N-
1ì3ü��"1��^e, XÚÑÑ·b��õ
ÇÌA5. ©z [16] ïÄ
V15\��N-1ì
XÚ���5ÄåÆ1�, ¿¼�
n�äkØÓ
A��ÄåÆ«�.©z [17—19] ?Ø
Ú\	1
5\é1�"��N-1ì�·b�°�K�. ®
k�ïÄ(JL²: 3õ�6Äe���N-1ì
XÚäk�\´L!�\E,�ÄåÆ1�, ÏL
��õ�6Äëþ, �±UõXÚÑÑA5, äk
�\2,�A^cµ.

8c, éõ�	Ü6Äe��N-1ìÄåÆ
1��ïÄ�õÛ�u~5�>u���N-1
ì (EEL), 
�éCc5%ÇuÐ�R�nL¡u
�-1ì (VCSEL), ù�¡�ïÄ��~"y. d
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u VCSEL äk$K�>6!�N��°!N´�
1nÍÜ!´8¤/¤-1
�!��¤�$í
�`³ [20−23], òk"�� EEL 
¤��51Ï
&Ú1&Ò?n�'�ì�, ÏdïÄ VCSEL 3
õ�6Äe���5ÄåÆA5äk�~­��
¿Â. Äud, �©|^g^�=�. (SFM), ê�
©Û
315\�1>��"�Ó�^e VCSEL
���5ÄåÆA5±9�ÄåÆ��üz, ¿?
Ø VCSEL ?u·bÑÑ�, 5\rÝ��"rÝ
é·b�°�K�.

2 nØ�.

ã 1 �15\!1>��"e VCSEL �X
Ú(�«¿ã. Ì-1ì (M-VCSEL) �¥%Å�
�N, ÙÑÑ�1²1�lì (ISO)!��º (M)
Ú¥5�ÝP~¡ (NDF) 9©åº (BS1) �5\
�B-1ì (S-VCSEL) ¥. S-VCSEL �¥%Å�
� 850 nm, §uÑ�1²©åº BS2 �©�üÜ
©, �Ü©²1>&ÿì (PD) =¤>&Ò�, 2²
L��ì (A) Ú�CP~ì (VA) �"£ S-VCSEL.
,�Ü©² BS1 ���?\ÿÁXÚ. Ù¥, ISO
�y1�ü�5\, NDF Ú VA ©O^uN!15
\rÝÚ1>�"rÝ. ã 1 ¥�¢�L«1&Ò
DÑ´», J�L«>&ÒDÑ´».

S-VCSEL

M-VCSEL

+

ISO

M

NDF

BS1

PD

AVA

DC

BS2

ã 1 15\Ú1>��"�Ó�^e VCSEL XÚ�.

�â SFM[20], ¿�Ä�15\±91>�"
�K�, £ã M-VCSEL, S-VCSEL ó�A5��Ç
�§|�

dEm
x,y

dt
=k(1 + iα)(NmEm

x,y − Em
x,y ± inEm

y,x)

∓ (γa + iγp)Em
x,y, (1)

dEs
x,y

dt
=k(1 + iα)(N sEs

x,y − Es
x,y ± inEs

y,x)

∓ (γa + iγp)Es
x,y

+ ηEm
x,y(t − τc) e−i2πνmτc+i2π∆νt, (2)

dNm

dt
= − γeN

m(1 + Pm) + γ eµ

− iγ en(Em
y Em∗

x − Em
x Em∗

y ), (3)

dN s

dt
= − γ eN

s(1 + P s)

+ γ eµ
[
1 + f

P s(t − τ)
P s

0

]
− iγ en(Es

yE
s∗
x − Es

xE
s∗
y ), (4)

dn

dt

m,s

= − γsn − γ enPm,s − iγ eN
m,s

× (Em,s
y Em,s∗

x − Em,s
x Em,s∗

y ), (5)

Pm,s
x,y =

∣∣Em,s
x,y

∣∣2 ,

Pm,s =Pm,s
x + Pm,s

y , (6)

Ù¥, þI m, s ©O�LÌ!B-1ì, eI x, y
©O�L X, Y  ��. E L«1|�úC�Ì, N

�o�16f�Ý, n L«ü�g^�=16f�
Ý���, τc L«l M-VCSEL � S-VCSEL �D
Ñ�m, k�1|P~Ç, α��°OrÏf, γ e �
o�16fP~Ç, γs �g^�=�Ç, γa �L�
5ÚÑ�A, γp �Lk
0��5Vò��A, τ

� S-VCSEL ��"ò´�m, η �5\Xê, f �
�"Xê, µ�±K�>6?18�z��5\>
6, P �8�z�ÑÑõÇ, P0 �-1ìgd$1
��ÑÑõÇ, ∆v (∆v = vm − vs, vm, vs ©O�
Ì!B-1ìgd$1��ªÇ)�ü�-1ì�
ªÇ��. �©¥�
{z¯K, �Ñ
�ÅD(
�K�, ¿b½ M-VCSEL � S-VCSEL �¤këê
¥Øgd$1ªÇ±	Ù{ëêÑ�Ó.

3 (J�?Ø

|^o� Runge-Kutta �{é (1)—(6) ª?
1ê�¦), ê��[¥¤^��ëê���X
e [22]: α = 3, τc = 3 ns, τ = 3 ns, k = 300 ns−1,
γ e = 1 ns−1, γs = 10 ns−1, γa = 0.5 ns−1,
γp = 20 ns−1. �½ S-VCSEL gd$1ªÇ vs =
3.52941 × 102 THz (éA�¥%Å�� 850 nm), Ï
LUC M-VCSEL �gd$1ªÇ vm =���Ø
Ó� ∆v.

æ^þãëê�, VCSEL gd$1�ÑÑ²
þõÇ� �>6Cz� P -µ ­�Xã 2 ¤«,
¢�éA X  ��, :�éA Y  ��. lã 2
�±wÑ, 3>6ff�LK�>6 µ = 1 �,
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Äk´ Y  ��m©-�, �X>6�O\ Y
 ��ª�õÇO\, d� X  ��ªØ-�.
� 1.04 < µ < 1.22 �, X  ��ª�õÇÅìO
\, Y  ��ª�õÇ×�~����³�. UY
O�5\>6, � µ > 1.22 �¥y X �Ú Y ��
�ÑÑG�. 3±e�?Ø¥, À� µ = 1.4, d
� VCSEL ü���, Ùü�ÑÑ��SãXã 3
¤«, �±wÑ, ü�þ?uü±Ï�.

3.1 111555\\\���111>>>������"""eee VCSEL ������
���555ÄÄÄåååÆÆÆAAA555

Äk, 3Ã15\��¹e, 1>��"e S-
VCSEL ÑÑõÇ4���1>�"rÝCz�©


ãXã 4 ¤«. ã 4 �© A Ú B ü�«�. Ù
¥ A «�ü�5 ����«�, B «��k Y
 ��-��«�. lã 4 �±wÑ, �X�"r
Ý�O\, -1ìÑÑ�ü ��dü±Ï�LÞ
�õ±Ï�, ,�?\·b�. f > 0.21 �, X  
���³�, ��3 Y  ��-�. ù�y��©
z [23] ���1>K�"��¹ØÓ, ùÌ�´
du-1ì¥y�G��gd$1�-1ì�G
�;��', \�1>��"��uO\-1ì�
 �>6, 
K�"%��uü$
 �>6, Ï
d��ü«�/e�Cz5ÆØ��. 3e¡�
?Ø¥, �?Ø f 3 0—0.2 �mCz (= A «) �,
S-VCSEL ÑÑü ���ÄåÆA5.� � �� � �� � �� ��� � � � � � � � 	 
 � 
 
 � � 
 � ��

ã 2 VCSEL � P -µ ­�

� � �� � �� � ����� � �	
 ��
�� � ��� � � � � � � � � � � � � � � � � � � �� � � �
ã 3 µ = 1.4 �, VCSEL ü�ÑÑ��mS�

� � � � � � � � � � � � � � � �� � � �� � � �� ��� 	
��
 � � � �� � �
� � � � � � � � � � � � � � � �� � � �� � � �� ��� 	
��
 � � � �� � �

� �� � �
� � � �

�
ã 4 η = 0 �, 1>��"e S-VCSEL ÑÑõÇ4����"rÝ f Cz�©
ã (a) X  ��; (b) Y  ��
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e¡©Û15\éXÚÄåÆG��K�. À
���½��"Xê f = 0.15 (d�Xvk15
\, XÚò¥y·b�), Ó�b½ M-VCSEL � S-
VCSEL �ªÇ�� ∆ν = 8.5 GHz, K S-VCSEL Ñ
ÑõÇ4���5\rÝCz�©
ãXã 5 ¤
«. lã 5 �±wÑ, �X5\rÝ�O\, ü�
��ÄåÆ�üz�N�Ó, �ÛÜ�3�
�
É. �5\rÝ�$ (η < 117 GHz) �, S-VCSEL
ÑÑ�ü ��þ?u·b (CO) �; η = 117—
121 GHz �, ü ��þ?uO±Ï (QP). �X η

�?�ÚO\, ü ���ÄåÆ�üz´»òÑ
y�É, η = 121—131 GHz �, X  ��?u��
±Ï (P2) �, 
d� Y  ��?uü±Ï (P1)
�; η = 131—136 GHz �, ü ��þ?u P1
�; η = 136—139 GHz �, ü ��þ?u P2 �;
η = 139—141 GHz �, X  ��?u±Ï 3(P3) �,

d� Y  ��?u QP �; η = 141—180 GHz
�, ü ��þ?u CO �; η = 180—189 GHz �,
X  ��?u P2 �, 
d� Y  ��?u P1 �;
η = 189—200 GHz �, ü�þ?u P1 �. �
��
ß/`²ØÓ��A�, ã 6 �Ñ
�
;.G�
��mS�!õÇÌ9�ã, ã 6(a)—(d) ´35\
rÝ η = 135, 138, 140 Ú 150 GHz ����. ã 6
¥�> 3 �éA X  ��, m> 3 �éA Y  �
�. lã 6 �±wÑ, S-VCSEL ÑÑü ���Ä
åÆ�üz´»Ñk�É. éu X  ��, �X5

\rÝ�O\, ÙÑÑ²{
 P1, P2, P3 ?\ CO
��´»; 
éu Y  ��, ÙÄåÆ�üz�´
»´ P1, P2, QP 2?\ CO �.

ã 7 �Ñ
 ∆ν �ØÓ��, S-VCSEL ÑÑü
 ���ÄåÆG�3 (f, η) ëê�m�©Ù, ã
¥ PX �L�
?\·b��c�LÞ�, X P3,
QP �. lã 7 �±wÑ, 315\�1>��"�
�Ó�^e, �XªÇ���Cz, S-VCSEL ÑÑ
ü ���ÄåÆ������u)Cz. 3Ãª
Ç�� (= ∆ν = 0) �, (f, η) ëê�m¥� CO «
�'��, �Ì��3u�"�r�«�, Ù{�
Ü©� P1 �±9é�«�� P2 ½ PX �. �X�
ªÇ���O\, CO �«���²w�*Ð, �5
���� P1 �� CO �¤�� (Xã 7(a), (b) ¤
«). d�, 5\rÝ η Ú�"rÝ f 3����S
Cz�, S-VCSEL ÑÑü ��þ�¥y CO �.

�XªÇK���O\, S-VCSEL ÑÑ�ÄåÆ
«��¬k¤Cz, � CO �«��*Ðvk��
��²w (Xã 7(d), (e) ¤«).

3.2 555\\\rrrÝÝÝ������"""rrrÝÝÝééé···bbb���°°°���KKK
���

e¡?Ø S-VCSEL 315\!1>��"e
ÑÑ�·b��, ��"rÝ f Ú5\rÝ η éÑ
Ñ·b�°�K�. d?, ½Â�¹��õÇÌ�

� ��� ����� 	� ��� ����� 	

 � � 
 � � 
 � �� �����

� � �� � �� � � � �
� �� � � �� � � �� � � � � � � �� � � �� � � � � ��� �

ã 5 ∆ν = 8.5 GHz, f = 0.15 �, S-VCSEL ÑÑõÇ4���5\rÝCz�©
ã (a) X  ��; (b) Y  ��
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� � �� � �� � � �� �� � �� �	 �
� � �� � �� � �� � �� � �
 � �� � �� � �
 � � �� �	 � � � �� � �
 � �� � �� � �
 � �


 � � 
 � � 
 � � � � �� � �� � �
 � � � � � 
 
 � 
 
 � �� � �� �	 � � � � � � � 
 � �� � �� � �
 � �
� � 
 �� � 
 �� � 
 �� � 
 �

� � 
 �� � 
 �� � 
 �� � 
 �
� � 
 �� � 
 �� � 
 �� � 
 � � �

� 
� �� � � � �� � �
 � � � � �� �	 � � � �� � �
 � ��� �	 � � � �� � �
 � �� � �� � �
 � ��� �	 �� � �� � �
 � �� � �� � �
 � �

 � � 
 � � 
 � � � � �� � �� � �
 � � � 
 � � ��� �	 � � � � � � � 
 � �� � �� � �
 � �

� 
� �� �� ���� � ��  !"#$%& '() * +,- ./012 34 ��� � 5�  !"#6%& 7() * +,- ./012 389 : ; < : = > ? @ A B C DE 9 : ; < : = > ? @ F B C DE
� � � �� � � �� � � �� � � �

� � � �� � � �� � � �� � � �
� � � �� � � �� � � � � � � �

ã 6 ∆ν = 8.5 GHz, f = 0.15 �, ü ����mS�!õÇÌÚ�ã (a1)—(d1)� X  ��; (a2)—(d2)� Y  �
�; (a)—(d) éA�5\rÝ η ©O� 135, 138, 140 Ú 150 GHz

(a1) (a2)

(b1) (b2)

(c1) (c2)

(d1) (d2)

(e1) (e2)
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P1 P1

P1

P1

P1

P1

CO

CO

CO

CO

CO

CO
CO

CO

CO

CO

CO
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P2

P2

P2

P2

PX

PXPX

PX

PX

P2

P2

P1

P2

PX

CO

η
/
G
H
z

200

100

0

200

100

0

200

100

0

200

100

0

200

100

0

η
/
G
H
z

200

100

0

200

100

0
200

100

0

200

100

0
200

100

0
0.0 0.1 0.2 0.0 0.1 0.2

f f

ã 7 ØÓªÇ�� ∆ν �, S-VCSEL ÑÑü�ÄåÆ�3 (f, η) ëê�m�©Ùã (a1)—(e1)� X  ��; (a2)—(e2)
� Y  ��; (a)—(e) éA ∆ν ©O� 20, 10, 0, −10 Ú −20 GHz
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 � 	 � � � 	 � � � 	 � � � 	 
 �
��� � �
� � �� � �� � �� �� � � � 	 � 
 � 	 � � � 	 � � � 	 � � � 	 
 �
��� � �

� � � �� �� �� �� �� �
 �� �
ã 8 ∆ν = 20 GHz �, S-VCSEL ÑÑü��·b�°� f Ú η �Cz (a) X  ��; (b) Y  ��

ÜUþ 80%�ªÇ���·b�° [13]. ã 8 �Ñ

 ∆ν = 20 GHz �, S-VCSEL ÑÑü�·b�°
� f Ú η �Cz, ã¥|^�ÝL�·b�°��
�. lã 8 �±wÑ, S-VCSEL ÑÑü�·b�°
� η Ú f �Cz5Æ�N�Ó, ã 8 ¥�é²��
«�éA�·b�°��. Ïd, ÏLÜnÀJ�
"rÝ±95\rÝ, �±¦ü ��Ó�¼��
��·b�°, ±¢yp�Ç!V&�·b��Ï
&.

4 ( Ø

�©Äu SFM �., é15\�1>��"
�Ó�^e VCSEL XÚ���5ÄåÆA5?
1
ïÄ. ïÄ(JL², 315\!1>��"

�Ó�^e, S-VCSEL ÑÑü�ò¥y P1 �!P2
�!P3 �!QP �!CO ��´L���5ÄåÆ
G�. �ÄåÆG�3 (f, η) ëê�m�©Ù��
�ªÇ�����k', ÃªÇ���, S-VCSEL
ÑÑü�� CO �«�'��, Ì��3u�"�
r!5\rÝ�f�«�; �X����O\, CO
�«�ò��²w�*Ð; éuK��, ÙÄåÆ
�«�kCz, � CO �«��*Ðvk����
²w. 5\rÝÅìO\Úå� X, Y  ���Ä
åÆ�üz´»�N�Ó, �ÛÜ�3�É. ,	,
ÏL`zXÚëê, �±¦ S-VCSEL �ü���
� ��ªÓ�ÑÑ��°�·b&Ò, duü�
���� ��ª�±��ü�ØÓ�Ï&&�,
Ïd15\�1>��"�Ó�^e VCSEL ��
�V&�p�·b��Ï&d3�n�1Å
.
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Abstract
Based on the spin-flip model (SFM), we theoretically investigate the dynamics of a vertical-cavity surface-emitting laser (VCSEL)

subject to optical injection and positive optoelectronic feedback. The results show that under the joint action of positive optoelectronic
feedback and optical injection from a master VCSEL (M-VCSEL), two polarization modes of a slave VCSEL (S-VCSEL) will show
many dynamic states such as period one, period two, multi-period and chaos, and the evolution routes of these states are different
for two polarization modes. Mapping of dynamic region as a function of feedback strength f and injection strength η is varied with
frequency detuning between M-VCSEL and S-VCSEL ∆ν (∆ν = νm − νs, where νm and νs are the free-running frequencies of
M-VCSEL and S-VCSEL, respectively). Compared with the case for zero or negative frequency detuning, the region of chaotic state
is expanded significantly under positive ∆ν. For a fixed ∆ν, the influences of f and η on the chaotic bandwidth of S-VCSEL are
discussed. Through selecting proper f and η, chaotic bandwidth of S-VCSEL can be improved obviously.

Keywords: vertical-cavity surface-emitting laser, positive optoelectronic feedback, optical injection, chaotic band-
width
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